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A;tINVESTIGATIONOF THECWiRl~TERISTICSOF STEELDI.APHRiOMS

FORAUTOMATICFUELINJECTLO:JVALVES.

By 13/.F, Joachim.

Summary

.
Thisresearchon steeldiaphragmswasundertakenat the

Langleyl!emorialAeronauticalLaboratory,as a par$ofa gen-

‘eralinvesti~tionof fuelinjectionenginesforaircraft.

Theworkdeterminedtheload–deflection,load-deformationand

hysteresischaracteristicsforsinglediaphragmshavingthick-*
nessesfrcm0.002inchto 0.012inch,andforsimilardia-

phragmstestedin~ltiplehavingtotalthicknessesfrom0.012
G inchto0.180inch. Theelasticlimitloadsanddeflections,

and rupturepo.(ntsof singlediaphragmswerealsodete~in@~

Someworkwasdoneondiaphragmshavingcentralorificesin or-

der-todeterminethe,effectof orificediameterUpOntheload- ..

deflectioncharacteristics.

Alldiaphragmswerefirmlyclamped

4 injectionvalveandloadedby hydraulic

i

at their.edgesin”an

pressure.Thedeflec-

tionsweremeasuredwitha dialtestindicator.Thediameters

of theunsupportedareaand of%he wholediaphra~were0.4
w

inchand0.5inch,respectively.<‘



s N.A.C.A.TechnicalNoteNo. 234 2

The resultsof thesetestsshowthatthedeflectionsof

9 singlediaphragmsvarywiththesquarerootof theunitload

multipliedby a constantand inverselyas a variablefunction

of thediaphragythicknesswhich,forverysmalldeflections,

is thecubeof thethicknessbutwhichdecreasesrapidlyto

approximately,the0.8powerof thethicknessat a deflection

of 0.010inch. Theelast$climitdeflectionswerefoundto
.

varyfromapproximately,0.016inchto0.011inchfordiaphragm

thicbessesrangingfrom0.002inchto 0.012inch. The rupture. ,.
pointdeflections’ra~~edfrom0.027inchto 0.038inch.

Theload@pacitiesof diaphra~susedinmultiplein-

creasedalmostdirectlywithmultiplethicknessandfor equal

s multiplethicknesses,witha variablefunctionof theindi-

vidualdiaphragmthickness.Theloadcapacitiesof diaphra~s

withorificesincreasedrapidlywithincreasein theorifice.
size.

Thehysteresisof singleandmultiplediaphragmwasfound

to increasein-generalwithdiaphra~thickness.Thehysteresis-

perdiaphragmremainedpracticallyconstantwithvariablemul-

tiplethicknessforthindiaphragmsbut forthickon@ the

hysteresisincreasedrapidlywithmultiplethiclmess.

Deformationoccurredfirstat theclampededgeandsecond

overthewholeunsuppo~tedportionof thediaphragn.Thesede-

formationstookplaceat practicallythesamedeflectionsfor

thethindiaphragmsbutforthethickonesthedeformationat
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theclampededgetookplacemuohearlier.

Theformulasusuallygivenforthedeflectionsof circular
● plateswerefoundtobe inapplicableto therangeof testcon-

ditionsof

It is

thisresearch.

concludedthat
,

steeldiaphragmsusedinmultiple \
havecapacitiesandcharacteristicst~t makethemsuitablefor “

use inautomaticfuel–injectionvalves.

Introduction

In ordertoattaine~ficientcombustion’ina high-speed

fuel-injectionengine,eachpartof thefuelsystemmustnot

onlybe carefullydesignedbut it is actuallynecessarythat

eachpartbe separatelyinvestigated.The injectionvalve
a

~laysa veryimportantpartin thecontrolandutilizationof

the”pressuresdevelopedby thepumpandin theatomizationand .
. distrihtionof thefuelin theenginecylinder.It isneces- .—

sarytooinvestigp,tetherefore,ifmaximumefficiencyistobe
.’

obtained,not onlytheperformanceof an injectionvalvein

engipeservicebutalsothecharacteristicsandlimitations

of itsvariousparts.
I

Theresultsofan investigationon thedischargecharac-

teristicsof small~oundorificessuitableforuse infuel--.
injectionvalveshavebeenpu~ished in N.A.C.A.Technical

>
ReportNo.224 (Reference1). Whil~thegeneralkubjectof ----

b
diaphragmshasreceivedconsiderablevaluableanalysisanddis- ..
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cussionina reportby M. D. Hersey(Reference2) anda paper ~

entitledlfOntheDepressionof theOentreofa ThinCircular

‘Discof SteelUnderNormalPressuz?e,:lby StanleySmith,has

beenpublishedby theRoyalSocietyof Canada,no datahasbeen

publishedas faras isknownon smalldiametersteeldiaphragms

suitableforuseas theflexiblememberinautomaticfuel-

injcctionvalves.Thefactthatdia~hragmshavefrequencies .——
higherthanthoseof otherformsof springs,thattheirmasses

and inertiasareverysmall,thattheiraccelerationsareun-

restrictedby externalfrictionandthattheyeliminatethe

necessityfortheuse of helicalspringsandlappedvalve

stemsandguideswiththeirconsequentwearandleakage,makes

theirusedesirableinfuel-injectionvalvesforhigh-speeds
f engines.

Theworkpresentedin thisreportrefersto stepl.dia-
* phragmsofvariouskindsand thicknessessuitableforuse in

automaticfuel-injectionvalves.Thediaphragmsdiffer@from -

eachotherby Wving centralorifice-sofvariousdiameters,

havingno orifices,and in thethiclmessandnumberof similar

diaphragmslaidoneupontheother. Load-deflection,loa&

deformation,andhysteresischaracteristics;elasticl@it

-5 loadsanddeflections;andrupturepointsweredeterminedfor

singlediaphragmswithoutorifices’,Load-deflectionandhys-

teresischaracteristicsweredeterminedformultipledia- ,b
phragmswithoutorifices.The effectof orificediameterupon

{
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theload–deflectioncharacteristicsof diaphragmswithorifices —
was determined.Thethicknessof theindividualdiaphragms

. ‘rangedfrom0.002inchto 0.012inch. Thethicknessofdia-

phragmstestedinmultiplerangedup to 0,180inch. Thediam-

etersof theunsupportedareaandof thewholediaphragmwere —.-
0.4and0.5 inch,respectively.-Statichydraulicpressuresup

tp 16,000lb.per sq.ti.w,ereappliedand deflectionsup to ...-_—.
0.038inchworemeasured.. ‘

.

..- MethodsandApparatus1

Alldiaphra~sWfwesubjectedto variousstatichydraulic

pressuresby meansofdead-weightgssugetestersand there-
.

suitingdeflectionsmeasured.Thediaphragmswereclampedat .
.

theiredgesinan injectionvalveas showninFig.1. Two

gaugetesterswereused; (a)a 16,000-paundWatson-Stillman

. usinga calibratedpressuregauEe,and (b)a ?50-poundAsMon

usingdead-weights.”The

L. S. Starrettuniversal

thousandthsofan inch.

showninFigs.2 and3.

deflectionsweremeasuredwithan .
dialtestindicatorgraduatedin

Thearrangementsof theapparatusare

Thevalveandgaugetesterswere.. —
rappedlightly,and thedeadweightsrotatedwhenusedinorder

to relievethesystemof slightfrictionalresistances.
-.-=*”.

Theaccuracyof thedatadependsupontheaccuracyof the

gaugetesters,uponthedialtestindicatorand theprecision
. withwhichthepressuresanddeflectionswereread. Sincethe

.

.-
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gaugetestersand.dialtestindicatorare standardtestinstru-
S ments,an appreciableerrorcouldprobablyonlyenterintothe

observedreadings.Thisappliedparticularlyto readingsof

deflectionswhereitwasnecessaryto interpolatebetweenthe

scaledivisionsof thedialtestindicator.The experimental

pointsof representativecurves,suchas thoseinFigs.5,11,

and 15,however,indicatethattheseobservationsworenot

greatlyin errorsincethecurvesarc smoothand regularand.

the experimentalpointslieverycloseto oruponthecurves.

DiaphragmswithoutOrifices .-

Theload-deflectioncharacteristicsand rupturepointsof
●

mostsinglediaphra~gmswithoutorifices,rangingin thickness —
from0.002inchto 0.012inch,weredeterminedwiththeWatson-

Stillmangaugetester.Inthesetestsa singlediaphragmwas -.

clampedintheinjectionvalveandhydraulicp~essureapplied —.

stepby stepuntilruptureoccurred.Thedeflectionswereob-

servedat e’achpressureincrement.<Threeormorecomplctc

testsweremadeon

serveddeflections

appliedpressures,*

eachdiaphragmthicknessand,sincetheob-

agreedto within0.0004inchfor thesame

thedatawereaveraged.Theelasticlimits

of singlediaphragmsweredetermined‘byrepeatedlyloading‘

themfromzeropressuretoprogressivelyhigherpressuresuntil
. thosedeflectionswerereachedfromwhichthediaphragmsfailed

to returnto theirinitialform. This?leterminationwasmade
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a

. of allthicknessesareplottedinFig.4, theelasticlimitand “

ruptu~epointpositionsbeingdesignatedon thecurves.
.i

Threeitemsof interestmaybe noted’inthedatapresented

inFig.4. The firstis theregularmannerinwhich,fora

givendeflectionbelowtheelasticlimit,thehydraulicpre~-

.)

.

-
.

.

.

.

t
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on severaldiaphragmsof thesamethicknessandtheresultsav-

eraged.The resultsof thesetwoseriesof testsondiaphza~~s

sureincreaseswithdiaphragmthickzics=~Thisis interesting .-
sincediaphragmsof differentthickneBswerepunchedfromdif- “-

ferentstock.Therewas,therefore,no assurancethatallthe -

diaphragmswerenadefrom,exactlythesamematerial,t“~tthe

heattreatmentswere thesame,‘northattheeffectof rolling
. ● —

themetalto sizewasalikefcrall’thethicti.e~scstested.

Theseeffectstogetherwithearlyinitialyieldof themetal

ne&rtheclampededgeprobablyaccountfortherelativelylow

h~draulicpressuresfortine0.012inchdiaphra,gns.The secondt
itemistheapparenttough-nessof thesteel. In allcasesthe’

.-
rupturepointdeflectionsr?.ngefromtwoto threetimesthe

elasticlimitdeflections.The thirditemis thattheelastic

Iimitsjareneitherat nor immediat~lybeforethereversalof

curvatureqf thecurvesbut areapproximatelyat thepointof
.-

greatestupwardcurrature.!l’hispmiticnof theyieldpoints

is e~lainedby thefactt-hatyieldof themetaltookplace
.

locallyneartheclampd edgeof thediephra~sat lowerpres-

suresmd deflectionstkanthosecausingyieldoverthewhole
..
b >



.
N.A.C.$..TechnicalNoteNo.234 8.

●

.

dia.phra~.Thislocalyieldneartheclampededgewasprobably

causedby thecompressionstressesoausedby clamping,andby

thebendingandshearstressesrefiultin~frGmhydraulicprcs–

sureat thispoint. Itwas observedt~hatmanydiaphra&ms,

whichhadbeendeflectedonlya fewthousandthsinchbeyondthe

yieidpoint,hadrcmainedplaneat allotherpoints.

Theresultsofa testto determinetheelasticlimitof

a 0.004inchdiaphra~are illusiraheclinFig.5. Thedeforms- .<

tioncurveshowstheamountofdefomatianat thecenterof

the

the

400

and

diaphragm,recultingfromanypz:ssureand ind-icatesthat

elasticlimitof this.diaphragmwasbetweenpressuresof --

and 5WIlb?per sq.in., orbetweende$lcctionsofO.0107

0.Q12inch. ltmaybe not~dthatup to thereversalof

curvatureof thepressure-cleflectioncuzve,1600lb.per sq.ins

arid0.0202inchdeflection,thedeformationincrementforany

pressurec=nge islessthanthedeflectionincrement-These

dataindicatethatbetweentheelasticlimitand thereversal

of curvature,theflexureof thediaphrappconsistedpartlyof

elasticdeflectionandpartlyof deformationand t~t, from

theconsiderationsof localyieldgivenabove,thedeformation

. tookplacencar theclampededgeof thediaphra~s Forpres-

.

suresanddeflectionsat and immedia%eiyabo~athereversalof

curvaturethe“deformationinerementequalsthedeflectionin- _-..+

crement,t-busindicatingt-hatadditianaldeflectionswereob-

tainedby deformationaloneand t’hatyieldtookplaceoverthe
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wholeunsupportedarm of thediaphragm.At stillhigherpres-
● .

suresanddeflectionsthedeformationincrementgradually“oe-

came~reccterthanthedeflectionincrenent.Thismaybe ex-

plainedby thegraduallyincreasedstiffnessof thediaphra~ —
causedby itschangeinshapeantiby theworkingof themetal. —

Wrves show”ing

pointpressuresand

plottedinFig.6.

froma largenumber

thevariationof elasticlimitand rupture .——.-
deflectionswithdiaphragmthicknessare

Sincethedatapresentedareaveragevalues .
of testsinwhicheffortsweremadeto ob-

tainthesametestconditionsforalldiaphragms,it isbe–

lievedthattheapparentinconsistencyof therupturepoints -.—
. is an indicationof.thedifferenceinthephysicalcharacter-

isticsof thesteel.The rupturepointpressuresof the0.002,..
0.004,and0.006inchdiaphragmapp~r to fallon onecont!nu-

.
ouscurvewhilethoseof the0.008,0.010,and0.012inchdia-

phragmsfallonanother.Extendingeachof thesecurvestovard .--——
theoriginas shownin thefigureseemsto indicatethatmch

may haveresultedfromdifferentnaterialandphysicalcharac-

teristics.Thisisquiteprobablesincethethickerdiaphragm

stockwaspurchased2+ yearslatert’hanthethinnerstock.
. Itmaybe notedthattheextrapolatedportionsof these

crossthe,axisof abscissasat a diaphra~thicknessof

imately0.001inch,thusindicati~~thata diaphragmof.
thicknesswouldprobablyhaveruptured

onebeentested.Sincethediaphragm

at zeropressure

wereveryfirmly

Curvefl

approx- —
this --

had

clamped
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.

.

in theinjectionvalve’inordertoapproach,as nearlyas possi-

ble,a fixedmountingat therim,it is thoughtthatthesecon-

siderationsindicatetheeffectof theclampingstressesand

thata 0.001inchciiaphragmwouldhavebeenrupturedsolelyby

theseforces.

Theload-deflectioncurvesof single~iaphra~swithoutori-—.—
fices,testedtoa pointcloseto theizrespectiveelasticl}m- “

its,areplottedinFig.7. The~ecurvesrepresentt-heaverage.
resultsof severaltestson eachdiaphragmof thesamethick-.
nessandshowthecharacteristichysteresisor elastiolag, ,

loopsof thesediaphra~sforcontinuoustesting.Thoughthere,
1

appearedtobe no regularchangein theamountof thehystere-1
siswiththiclmess,thethickdiaphra~shadmorehystcresi~ ,“._I

in generalthanthethinones.

The resultsof oneseriesof testson diaphra~stestedin ‘

multipletoa deflectionof 0.010inchareplottedinFig.8,

Thesedatashowtheeffectof individualdiaphra~thickness,— -.
0.004inchto 0.012inch,on theload-deflectionandhysteresis

characteristicsfora multiplethicknessof 0.060inch. A co~-

parisonof theload-defzectioncharacteristicsof singledia-

phragmsanddiaphragmstestedinmultipleshowsthatforlike —
deflectionsthe by their$iividua~diaphragms

.;
testedinmulti~learcapproximatelyequalto thosecarri&by—
diannraM testedsinglein thec of thindiaphragms.+--”’-

For

thickdiaphragms,however,theindividuallmds carriedare



considerably

thosetested

greaterfordiaphragmstes~edinmultiplethanfor

singly.Analysisof theeffectof individualdia- _

phra~ thicknessupontheload-carryingcapaci~s ofdiaphragms
.

testedinmultipleshowsthatat verysmalldeflectionsthe

relationvarieswiththecubeof thethicknessas givenin

theoreticalformulas,but forgreaterdeflectionstheeffect

of thicknessis considerablysgaller,beingonlyapproximately.

0.4 thetheoreticalvalueat 0.010inchdeflection.A compari-

sonof thehysteresischaracteristicsof singleandmultiple

diaphra~sshowsthatforth’indiaphra~sandlikedeflections

thehysteresisof individualdiaphragmsusedinmultipleis

approxtiatel.yequalto

●
thatthehysteresisof

increase&rapidlywith
\

reachi~sixtimesthe

thatof onediaphragmtestedsinglybut -—

individualdiaphra~susedinmulti@e

multiplethicknessforthickdiaphragms,

valueforonediaphra~withten0.012 ..
.

inchdi>phra~s.Nhilethehysteresisof individualdiaphra~s

remainspracticallyconstantforanyn.ber of 0.004inchdia-

phra~s testedinmultiple,itwasfoundthatfor gceater
.

diaphr?.gynthiclmessesit increaseddirec%lywiththenumberof

diaphragms.

Se~eml seriesof testson diaphra~sof all thicknesses
. sinilarto thatrepresentedby Fig.8 weremadefortotal

thicknessesrangingfrom0.012inchto 0.180inchand thedata

cross–plottedas inFig.9. Thesecurvesgivethe10cAsc~.r–.
riedat 0.008inchdeflectionby diaphragmofvariousthiek–
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nessesfor ~nymultiplethicknessup-to0.180inc~or toa maxi- —
w ~um pressureof 10,000lb.persq.,in. Sincea deflectionof

0.008inchisprobablywellwithintheendurancelimitof these

diaphrcqgnsitfollowst~t thecurvesof Fig.9 pegnitthesafe _

selectionofany twofactorswhenthethirdis knownordeter-

uinethethirdwhentheothertwoarefixed. Forexanple,if

in thefirst

6000lb.per

thicknessof

thicknessof

casethemaxi- workingpressureis fixedat

sq..in., then0.Q12inchdiaphragmwitha total.
0,048inchor 0.006inchdiaphra~switha total .

0.096inchmaybe selected,~n thesecondcase,

if themultiplethic’@essisfixedat 0.140inch.andonly0.006

inchdiaphra~sarea~ailable,thenthenaxtmumpermissible
. m

workingpressurewillbe 9000lb.per sq.in.

Sinceit wouldbe necessaryto taketheinjection,valve

. downat varioustties,in thecourseof actualengineoperation

and thento reassembleit withthesameor otiaerdiaphra~m,

wasdecidedto determinewhateffect,ifany,suchtake-down

and reassemblyhadupontheload-deflectionrelationshipsof

it

diaphra~susedinnultiple.Threediaphra~assembl}es,,each,.
containingnine0.004inchdiaphra~~were,.therefores9ePa- .-

. ratelytestedto a deflectionof 0.910inch. Themaxhmm and

minimum&ntafromthesetestsareplottedinFig.10a There- —

suitsshowa maximumdifference,duetovariationsin indi~id-
.

ual diap’h=gusand intheasse’ablies,of 2~~andone–halfof

l% fortheup anddownreadings,respectively=
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Diaphra~swithOrifices

Theworkdoneon diaphragmwithorificeswascarriedout

on 0.004inchdiaphra~stestedsinglyandinmultiple.The

diaph?a~stestedinmultipleconsistedof nine0.004inchdi: ..

aphragms.Theorificediameterstestedwere0.015inch,0.060

inch,and0.100inch. .
TheprobleWoftestingthediaphr=~swithorificeswa’s

differentfromthatof thediaphra+qswithoutorificesin t-hat

thedirectretentionof thehydraulicpressureswas impossible.

Also,thedeflectionsof thediaphragmswithoutorificeshad

beenmeasuredat theizcenters,whileitwasnecessarywith

. thedia@ra&mswithorificestomeasurethedeflectionsat the

orificeedgeor at somefixedradiusfrGmthecenter.

T170methodsofmaintainingpressuresand twomethodsof
.

measuringdeflectionswereinvestigatedThefirstmethod,
used tomaintainthehydraulicpressureswasto coverthehole

in thediaphragmswithone soliddiaph=gmandthentomke

correctionsforthesoliddiaphragmso as to obtainthel@d-

deflectionrelationshipsforthediaphragmswithorifices-

The c~fectof thesinglediaphraguwithouttheorificer,asap-
. proximatelydeterminedby testing10 diaphmgnswithoutori-

fices

ing 9.
gated

andsubtractingfromtheresultsthoseobtainedby test-

diaphra~swithoutorifices,Thesecondmethodinvesti-

wasto retaintheprecsuresby meansofa wideangle .-
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conicalpointedstemprogressivelyadvancedintotheorifice.
. The injectionvalveassanblywiththisstemisshowninFig.1.

The testwasconductedby screwingthesteminuntilthecon–

icalpointseatedin theorificeandproduceda definitede– .——
flectionas indicatedby thedialtestindicator.Hydraulic

press~res.werethenappli~ untila rapidflowof $hboilused

in thegauge_testerthmggh,theorificetookplace. Under

theseconditionstheeffectof thecentralloadingimposedby _

the stemv@se~imtiated,thediaphragmbeingloadedonlyby -...
hydraulicpressure.Readingsofboththepressureanddeflec-

tion-weretaken.atthispoint. By screwingth~steminby ‘

incrementsof 0.001inchand observingtheflowpressuresand
.

deflectionsdatawereobtainedovera rangeequalto thatfor

thediaphragmswithoutorifices.Sincethisnethodof loading

. thediaphragmswithorificessimulatedtheconditionsof actual

‘operationinan,injectionvalveBorecloselythanthefirst

methoditwasadoptedforthesetests.

Thefirst~et~odused tom@,surethedeflectionsof&@-

phraym withorificesemployeda knifeedgeon the indicator

arm. T-hisms,adjustedsoas tobringtheknifeedge.acrossa .—

diameterof theorifice.Henceitmeasuredthedeflection.
producedat theorificeedge. Thesecondmethodemployeda

straddlepoipton theindicatorarm. Thishad twopoints
.

whichcontactedwiththediaphra~on eithersideof theori-

fice,itspositionbeingadjusted soas tone&surethe@c!flCc-
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tionsproducedon-a circleconcentricwiththeorificeand

5/32inchindimeter. Tilifiaethodwasadoptedfor these

tests~inccalldeflectionswerethus”obtainedat thesane

distancefromthesupportcizcle.z

Inorder-toshowtherelationshipbetweendeflectionsat

a circle5/32inchdiameteras obtainedwiththestraddle

pointandthoseat thediaphra~centeras obtainedpiththe .....

conepoint,testsweremadewitheachpointon thesameOCOW ._

inchdiaplmawswithoutorificestoa pressureof 400lb=per .

sq.in. Therealts areplotte~inFig.11,wherealsothe

coneand straddlepoints,as attachedfortheseteststo the

ballat theendof theindicatorazn,are-illustrated.The.
curvesshowlesserdeflectionsforthestraddlepointat all

pressureswhichare,~ithintherangetested,approximately

84? of the.deflectionsobtainedwiththeconepoint.

ThewGrkdme on singlediaphragmswithorificesispre-

sentedinFig.12,andthaton diaphragmswithorificestest-

ed innultiplein Fig.13. Inallcasesthetiiaphragashav- --

inglargeorificesrequiredhigherpressures,forthesanede-

flections,thandidthosekavingmall orifices.Thismaybe

explainedby thefactt:hatthehytlrr.ulicpressuresproducing

thedeflectionsin <iaphragmswithlargeorificesnotonly

hadlessunsupportedareato stress,thusclecreasingthetotal __

supportedload,butalsoactedon a ~korteraverageleverarn

fronthempport circle,tkLus makingthenlesseffective.
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Whilethereisno &oubt

enedthedis.phragnsand

ificeedges,therewere

No.234 1.6

thatthepresenceof theorificesweak-

producedhighlocalstressesat theoy- .—
no evidencesof yieldor incipientrup-

turenotedin anyof thetests.Theeffectof thediameterof

theorificeuponthepressurerelationshipat deflection~of

0.004and00006inchforsingleandmultiplediaphm~s are

shownintheinsertsinFigs.12 and13,respectively.

ComparisonofExperimentalDatawithTheoreticalData .-—

Curvesplottedfromtheexperimentaldataare compared —
withcurvesplottedfromtheusualformulasforthedeflections

ofuniformlyloadedcircularplatesrigidlyclampedat their

. edgesinFig.14. Severalcharacteristicdifferencesbetween

thecurvesobtainedfromthe

lasmaybe noted:
.

First,thg experimental

experiw.entaldataand theformu-

curvesareparabolicinfo~

whilethetheoreticalcurvesarestraightlines.

Second,theloadscarriedby diaphragms0.008inchthick -.-—
or less,aremuchgreaterin gene+alin the~xperi- .=._
mentalcurvesthanin thetheoreticalcurves.This

pressuredifferenceincreasesrapidlywithincreasein

deflectionanddecreaseindiaphra~thiclmess. .—
Third,,thevariationof theexperimentaldeflectionwith

diaphrapythiclmessis notinverselyas theczibeof —

thethiclmessas is thecasefor thetheoreticalcurrcs.
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A~,malysisof the
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variousderivationsof thetheoretical

formulasshowsthatassumptionshavebeenmadewhichemploy

approximaterelationshipsand eliminatecertainvariablesfrom

theformulasaltogether.%me,of theassumptionsaretWt the

de~lectionswillbe smalland thatanglesof inclinationwill

be, therefore,equalto theirsinesor tangents,thatthemid-

dlelayer=in,theplatewillbe a neutrallayerhavingnei~her~

stressnor,strainand,thatallelementsthatare st~ightand

perpendicularto theneutralplaneor axisof thedi.aphrapyn

beforeflexurewillremainstraightandperpendicularto the

neutralaxisafterflemre;thata ringof theseelementscon–

centricwiththecenterof thediaphra~will,ifproduced,

meetina pointonan axisperpendiculartoand throughthe

cneterof thediaphragn,thusforminga coneofproducedele-

mentsand,finally,thatsincetheanglewhichtheseelements

willyakewiththeperpendicularaxismillbe mall ,thecone

thusformedmay,therefore,be considereda rightcylir+der.*
Compressivestressescausedby loadson andperpendicularto

theplate,shearstressescausedby strainsandapproxtiations

beyondthefirstorderareneglectedin thederivations.

It is foundth.a~theseassumptionsandomissionsmakethe

formulasinapplicableto thediaphragmsas tes$dat c~para-

tivelylargedeflectionsin thisresearch.Theapproximately

sphericalsurfaceof a thindiaphragmhavingan unsupported

dianctercf 0.4 inchstressedtoa deflectionequalto4X of

.—

.—..
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itD unsupporteddiameter,i.e.,0.016inch,hasa radiusof,
.. about1 inch. Thenaximumanglewhichtheproducedelement~

willmr.kewiththeverticalaxisthroughthecenterof thedia-.
phra:gn,willbe about10 degrees.Thisanglewillvary,greatly

dependingupon

curvature,am

areproduced.

thedeflection,thelocationof therever-1of

theradiusof thecirclefroawhichtheelements

AS a diaphraguis,deflected,theapexof the

coneofproducedelementmovesinalongtheperpendicularaxi~

frominfinitytoa pointrelativelycloseto thed=iaphrapy.

Sincethedeflectionsobtainedin thisresearcharenot smll,

thesevariablestogetherwithcompressive.mdshearstresses

and therapidlychangingshapeof thediaphragintro3uceef-

fectswhichmaketheformof theload-deflection,curver@teri-

allydifferentfromthatderivedin thefcnmlas?

Theformof theload-deflectioncurreof rigidlyclamped

diaphra~sisalsoinfluenced.bythe+ratioof ~iaphra~~thick-.

-.—

.

. .~-—

nesstodeflection.Ifa diaphra~0.002inchthickiscieflect-

ed,0.016inch,thewholeof itsinnersurfaceandil=rlyall=

of itsoutersurfaceis in tension.The mmll partt~t is in .L_

compressiorlliesin theoutersurfaceof thediaphra~between -—

theclampededgeandtherever-1of curvature.The stre~ses.
in thediaphragmare t’nereforelargelyanalogousto thoseina

portionofa hollowsphereof 0.092inchwallthicknessand
. diameterofabout2 inches,theinnerfibersbeing~tre~sedin .._

tensionexactlyliket-heouterfibers,t’hGughin~omewhat~esc
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degree.Therelations,usingtheaboveas a basis,betweenthe

loadsandtheresultingdeflectionsin rigidlyclampeddia-

phrag+nshavingdeflectionsequalto or g,reatezthantheirthick-

nesscanbe showntobe of theform, ? = Cda, inwhich

P = unitprescureactingon thediaphragm,

o = constant,and

d= deflectionof diaphra~at itscenter..
Fig.15 illustrates.thecloseagreementobtainedbetweenan ex-

perimentalload-deflectioncurveandtheparabola,

P = 3,711,000d?. Itmaybe notedthatthetwocu+~escoincide,

withinthelimitsof experimentalaccuracy,up to theelastic

limit.Thepointat whichtheexperimentalcurvedeviates , _

fromtheparabola,thatis,theelasticlimitof thisdiaphra~,

isgivenby thepointof initialdeformationas indimtedin

thedeformationcurve,by thepointat whichtheexperimental

valueof C deviatesfroma constantand,in thecaseof this

diaphragn,approximatelyby thereversalof curvatureof the .-—
load-deflectioncurve.

Specificationsof theSteel

The steelfromwhichthefiiaphra.gnswereMadewaspur- —.—
chasedcompetitivelyin theopenmarketunderthespecification

I’UltrasuperiorSwedishbluetemperedspringsteel.ilThesteel

hasa deeppurpletempercolorrithstreaksandsnailareasof

lightpurple,brownpurpleandlightblue,indicatingan aver-



.
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agedrawingtemperatureofa~roximately550°F.The effectof --
.

rolltigthestockto sizeis clea~ly”shownin the“rolledout’!

or linedappearanceof thetempercolors.Thefactthatnearly

allthefracturesobtainedin theruptu~epointtestsuerewith

thedirectionof ~olling,
,“

indicatesthatthestricture,of the

metalT.=sprobablyconside~blydistortedandweakened.

Thefollowingchenicalandphysicalanalyses,withthecx-

ceptiqnof themodulusof elasticityof thesteel,werere-

portedby theBureauof Standards: .

. ChemicalAnalysis.-

(kmbon 1.29$ EWphur 0.015%

Wnb%nese 0.27Z Silicon o● 12*

Phosphorus 0.019$ Iron remainder

PhysicalTests-

Ultimatestrength,poundspcr square-inch,

averageforall thicknesses, 275,000

Elongation,percentin2 inches,average

forallthicknesses,

Modulusof elasticity,pounds

\ inch;0.012inchthickness

●

GeneralResui.ts

—

.—

2.8 ..~

per square-

onlyy 28,250,000.
.

AraZysisof thetestresultsof singlediaphragmsslmws
. .

-:

that up to theelasticlimitthedeflectionvarieddirectly
.

witht~esquarerootof theunitpressuretimesa constantand
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inverselyas a finctionof thediaphragmthickness,whichfor

* verysmalldeflectionsis thecubebutwhichdecreas~~rapidly

forgreaterdeflections,reachingapproximatelyt-he0.8power

of thethicknessat a deflectionof0.010inch.

The elasticIipitdeflectionsvaryfromapproximately2.75

per centto5.50percentof theunsupporteddiameterfordiq-

phragp~Mving ratiosofunsupporteddiameterto thicknessof

from33 to200,respectively.The rupturepointdeflections

average8 per centof theunsupporteddiameter.

Theloadcapacitiesofmultiplediaphragmincreasedalmost

directlywiththetotalthic@.essand,forequaltotalthic,k-

nesses,w>tha variablefunctionof We individualdiaphragm

● thickness.The,loadcapacitiesof orificediaphragmsincreased

considerablywithincreasein orificediamete~.

Thehysteresisor elasticlagcharacteristicsof single .-
.

diaphra~siricreaqedingeneralwithdiaphrapythickness.For

compositediaphragmthehysteresisincreasedwithdiaphragn

thicknessand remainedpracticallyconstantwithvarious..multi-

causedby localbendingand clampingstrainsa-ridthatwhich

. tookplace.throughoutthewholediaphragm.The initialdefor-

mationat theclampededgeoccurred,to someextent,very .

r

-..

. .

—

3
.-J

J

—
.-
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thetestsof the

relationshipsof

mediumand thic’k

thesediaphragms

22

diaphragmsso that

weresomewhatmasked.

Aralysisof thederivationsof t,heusualformulasforthe

deflectionsof rigidlyclamped circularplatesand comparison

withtheexperimentaldata,showthatthefomnulasare inappli-

cableto therangeof testconditionsof thisresearch.

Conclusion

Theresultsof {hisresearchsnoyt-hatsmalldiameter

steeldiaphragmsusedinmultiplehaveloadcapacitiesandde-

flectionsthatmakethemsuitableforpseas theflexiblemem-

ber inautomaticfuelinjectionvalves.
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